ABSTRACT: An experiment was conducted to determine the effect of dietary n-3 long chain PUFA on insulin sensitivity in growing steers. Steers (n = 12, initial BW = 336.3 kg, SEM = 7.7) were adapted to a basal diet that was 70% concentrate mix and 30% orchardgrass hay. Steers were fed a daily amount of 0.26 Mcal ME per kg BW 0.75 . After 3 wk steers were transitioned to 1 of 2 treatment (Trt) diets (n = 6 per diet) containing added Ca salts of fatty acids at 4% of DM using a source of fat that was enriched in n-3 fatty acids, including eicosapentaenoic acid and docosahexaenoic acid (FOFA), or a source of fat without n-3 fatty acids and a greater percentage of C16:0 and C18:1 (LCFA). Three intravenous (i.v.) glucose tolerance tests (IVGTT) were conducted, 1 during the basal diet, and 2 after transition to treatment diets at time 1 (T1; d 4 Trt) and time 2 (T2; d 39 Trt). Three i.v. insulin challenge tests (IC) were conducted the day after each IVGTT. Measurements on the basal diet were used as covariates. For IVGTT, there was a diet by time interaction (P < 0.05) for glucose area under the response curve (AUC). The AUC 50 (mM glucose × 50 min) at T1 was less (P = 0.02) for LCFA (126.2) than FOFA (151.8), AUC 50 at T2 tended to be greater (P = 0.07) for LCFA (165.9) than FOFA (146.0). Preinfusion insulin concentration was greater (P < 0.001) before the IVGTT and IC for steers fed LCFA (40.4 and 40.2 μIU/mL) than for steers fed FOFA (23.7 and 27.1 μIU/mL), respectively. Glucose clearance did not differ between treatments. For IC, minimum glucose concentration was greater (P = 0.02) and glucose AUC 150 was less (P < 0.01) for steers fed LCFA than for steers fed FOFA. Values for glucose concentration were 1.8 mM and 1.5 mM and for AUC 150 (mM glucose × 150 min) were 203.1 and 263.6 for steers fed LCFA and FOFA, respectively. Insulin clearance (fraction/min) was greater (P < 0.01) for steers fed LCFA (0.121) than FOFA (0.101). The insulin AUC 60 (μIU/mL × 60 min) postinfusion was less for LCFA (17,674) than FOFA (19,997), and tended to be greater (P = 0.06) at T1 (19,552) than T2 (18,119). Plasma NEFA concentrations at T2 during IVGTT were greater (P < 0.05) in steers fed FOFA than in steers fed LCFA. The results indicated that supplementing with long-chain n-3 PUFA (FOFA) increased insulin sensitivity in growing steers compared with feeding a supplement with greater concentration of SFA (LCFA).
INTRODUCTION
Insulin sensitivity and responsiveness describe the response of cells to insulin. Insulin sensitivity refers to how responsive a cell is to insulin binding whereas responsiveness refers to post-receptors events. Insulin resistance results from changes in sensitivity, responsiveness, or both (Kahn, 1978) . As ruminants age, they become less sensitive and less responsive to insulin (Eisemann et al., 1997) . Ruminants, compared with monogastrics, are less insulin sensitive (Kaske et al., 2001) . Insulin resistance is associated with decreased AA use for protein synthesis (Wray-Cahen et al., 1997) . Insulin resistance in ruminants has been partly attrib-uted to mechanisms involving decreased activity of glucose transport proteins that fuse with the muscle cell plasma membrane to increase glucose transport in response to insulin (Duhlmeier et al., 2005) .
Previous studies support a role for long-chain n-3 PUFA to enhance insulin sensitivity. Dietary fi sh oil increased insulin sensitivity in several species including humans (Borkman et al., 1993) , rats (Liu et al., 1994; Taouis et al., 2001) , lambs (Ponnampalam et al., 2001) , and miniature pigs (Behme, 1996) . Fish oil is rich in both eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). In steers infused abomasally with fi sh oil (Gingras et al., 2007) , response to insulin increased resulting in decreased protein breakdown and AA oxidation.
Because of the association of improved insulin sensitivity with more effi cient N use, it is of interest to evaluate the effects of dietary ingredients on insulin sensitivity. We hypothesized that feeding growing steers protected calcium salts of EPA (20:5, n-3) and DHA (22:6, n-3) would increase insulin sensitivity when compared with feeding calcium salts of more SFA.
MATERIALS AND METHODS
The experimental protocol and procedures were approved by the Animal Care and Use Committee of North Carolina State University.
Animals, Diets, and Treatments
Twelve Black Angus crossbred steers, approximately 12 to 14 mo of age and with a beginning BW of 336 kg (SEM 7.7 kg), were used for this experiment. Steers were housed individually.
Steers were fed a basal diet for 18 d that was 70% concentrate mix and 30% orchardgrass hay and contained 13.0% CP and 2.7 Mcal ME/kg DM ( Table 1) . The hay was passed through a bale processor (VanDale bale processor, Model S600; J-Star Industries, Fort Atkinson, WI) with knives spaced 12.5 cm apart. The basal diet contained no added fat. After 18 d steers were transitioned randomly to 1 of 2 isoenergetic treatment diets (Table 1 ; n = 6 per diet) containing added Ca salts of fatty acids (Virtus Nutrition, Corcoran, CA) at 4% of DM using a source of fat that was enriched in n-3 fatty acids from fi sh oil (FOFA; Table 2) or a source of fat without n-3 fatty acids and a greater percentage of C16:0 and C18:1 (LCFA; Table 2 ). The LCFA and FOFA products were kept at 4°C. The LCFA and FOFA concentrate mixtures were fed to steers mixed with orchardgrass hay at a 70:30 ratio, respectively. Steers were adapted to the treatment diets over a period of 8 d (adaptation period). Treatment diets were fed for an additional 48 d (treatment period).
Steers were fed a daily amount of feed to provide 0.26 Mcal ME per kilogram BW 0.75 which was 2 times the calculated requirement of ME for maintenance (NRC, 1984) and sustained approximately 1 kg of ADG. The total amount of feed offered each week was adjusted based on BW which was measured every 7 d. Diets were fed at 0730, 1530, and 2330 h daily. Orchardgrass hay and concentrate mixtures were subsampled daily and grouped as weekly composite samples for analysis.
Three intravenous glucose tolerance tests (IVGTT) were conducted. The fi rst IVGTT was conducted on d 9 during the period when the basal diet was fed. The second and third IVGTT were conducted on d 4 (T1) and d 39 (T2) of the treatment diet period, respectively. An intravenous insulin challenge test (IC) was conducted the day after each IVGTT (d 10, basal diet; d 5, T1; d 40, T2). On sample days, the IVGTT and IC were conducted after the 0730 feeding and before the 1530 feeding. For logistical reasons the steers were divided into 3 groups (n = 4 per group). Treatments were balanced in each group. Group 2 started the experimental protocol 29 d after the fi rst group, and group 3 started the protocol 42 d after the second group.
Glucose Tolerance Test and Blood Sampling
Catheters (0.127 cm i.d., 0.229 cm o.d. tygon tubing; Fisher Scientifi c, Raleigh, NC) were inserted into a jugular vein the day before each IVGTT. Catheters were fi lled with heparinized saline (100 U heparin/mL 0.9% saline) after insertion. A sterile 50% glucose solution (wt/vol) was used for infusions. The dosage of glucose was 0.9 g glucose/kg BW 0.75.
Glucose was rapidly infused (infusion time approx. 2 min) into the jugular catheter at 0930 h followed by 20 mL 0.9% NaCl to fl ush the catheter. To measure metabolite and hormone concentrations blood samples (11 mL) were taken at -30, -15, -5, 2.5, 5, 10, 15, 20, 30, 40, 50, 60, 75, 90, 120, 150, 180 , and 240 min relative to administration of glucose. Catheters were fl ushed with diluted heparinized saline (25 U heparin/mL 0.9% saline) between blood samples.
An aliquot of blood was transferred to tubes containing sodium fl uoride as a glycolytic inhibitor and potassium oxalate as an anticoagulant for plasma glucose analysis. A second aliquot was transferred to tubes containing potassium carbonate and EDTA as an anticoagulant for analysis of NEFA. A third aliquot was transferred to tubes containing a wax serum separator for serum insulin analysis. All tubes were placed on ice after collection. Tubes for plasma analysis were centrifuged for 20 min at 1380 × g and 4°C (Beckman J-6B; Beckman Instrument, Inc., Fullerton, CA). Blood for analysis of serum insulin was held at 4°C overnight and centrifuged the next morning as described for plasma samples. Plasma for glucose or NEFA analysis and serum for insulin analysis were held in bullet tubes at -20°C until analysis.
Insulin Challenge Test
The dosage of insulin was 0.45 IU/kg BW 0.75 . The insulin infusates were individually prepared by diluting the appropriate amount of stock (250 IU bovine insulin/ mL phosphate buffered saline; Sigma Chemical Co., St. Louis, MO) to make a 2.5 IU/mL infusate. Bovine serum albumin (Sigma Chemical Co.) was added to the infusate at 1 mg/mL to keep the solution from adhering to the catheter. Insulin was infused into the jugular catheter rapidly followed by 20 mL 0.9% NaCl. Blood samples were taken and stored as described above for the IVGTT. After each IC, the jugular catheters were removed.
Blood Plasma and Serum Analysis
Plasma glucose was analyzed with a glucose oxidase method using automated procedures (Gochman and Schmitz, 1972 ; Bran+Luebbe AutoAnalyzer; SPX, Charlotte, NC). Plasma NEFA was analyzed using an enzymatic assay including both acyl-CoA synthetase and acyl-CoA oxidase with colorimetric measurement at 550 nm [NEFA-HR (2); Wako Chemical USA, Richmond, VA].
Insulin was analyzed using an antibody-coated tube for RIA (Siemens Medical Solutions Diagnostics, Deerfi eld, IL). Bovine insulin (Eli Lily, Greenfi eld, IN) was used for standards. The bound 125 I-labeled insulin was counted on a Cobra II Auto-Gamma counter (Packard Instrument Company, Meridan, CT). The intra-assay and interassay CV for insulin were 4.7% and 8.0%, respectively.
Feed Analysis
Samples of concentrate mix and orchardgrass hay were analyzed for DM and Kjeldahl N by AOAC (1990) procedures. The fatty acid profi le of the fat supplement added to each diet was determined using the Bligh and Dyer (1959) method for extraction. Samples were methylated and fatty acid methyl esters were analyzed by gas chromatography (Varian CP 3380; Hewlett-Packard, Palo Alto, CA) as described by Kramer et al. (1997) . A CP-Sil 88 Fused Silica Capillary Column (100 m × 0.25 mm i.d. × 0.2 um fi lm thickness; Chrompack, Middleburg, the Netherlands) was used. The column was operated at 70°C for 4 min, then temperature was increased at 13°C/min to 175°C, held there for 27 min, increased at 4°C/min to 215°C, and held at 215°C for 38 min. The total run time was 87 min.
Calculations
Intravenous Glucose Tolerance Test. Preinfusion glucose concentration for IVGTT was determined by averaging glucose concentration in the 3 samples taken before glucose infusion. The response of glucose to 2 n = 3. 3 n = 4. 4 EPA = eicosapentaenoic acid; DPA = docosapentaenoic acid; and DHA = docosahexaenoic acid.
IVGTT was measured using the NLIN procedure (SAS Inst. Inc., Cary, NC) to fi t exponential curves for glucose concentrations using this equation: A = A 0 e (−kt) , where A is the estimated plasma glucose concentration at any time (t), A 0 is the concentration of plasma glucose at time 0, and k is the fractional clearance. Glucose peak and glucose fractional clearance from 0 to 30 min after glucose infusion were calculated. The half-life was calculated by dividing 0.693 by the fractional clearance. Area under the response curve (AUC; between the observed value at each sample time and the baseline concentration), for the fi rst 50 min of glucose infusion (AUC 50 ), was calculated using the trapezoidal method.
The response of insulin to the IVGTT was measured. Preinfusion insulin concentration from the -5 min sample only was used for analysis. The observed insulin peak was used as the estimated peak value. Area under the response curve for insulin was calculated during the fi rst 60 min (AUC 60 ) after infusion using the trapezoidal method. The time frame for AUC for glucose and insulin refl ected the interval until glucose concentration and insulin concentration returned to baseline.
Intravenous Insulin Challenge Test. Insulin preinfusion concentration was determined from the -5 min sample only. Insulin peak and clearance from 2.5 to 10 min after infusion were determined using the equation, A = A 0 e (−kt) as described above. Insulin AUC for the fi rst 60 min (AUC 60 ) after infusion was calculated using the trapezoidal method. The time frame refl ected the interval until insulin concentration returned to baseline.
Preinfusion glucose concentration for IC was determined by averaging glucose concentration in the 3 samples taken before insulin infusion. Glucose minimum value was taken from the observed minimum value. Glucose clearance from 5 to 20 min after insulin infusion was determined by using the exponential equation A = A 0 e (−kt) , as described above. Glucose AUC (between the observed value at each sample time and baseline concentration) for the fi rst 150 min (AUC 150 ) after infusion was calculated using the trapezoidal method. The AUC for glucose in response to insulin was measured over a longer period of time than the AUC for glucose in response to glucose because glucose concentration decreased in response to insulin and it took longer for plasma glucose to return to preinfusion concentrations.
Statistical Analysis
All analyses were conducted using SAS (SAS Inst. Inc., Cary, NC) and the MIXED procedure. Variables obtained from the IVGTT and IC calculations were analyzed. All measurements taken at the same time as steers were fed the basal diet were used as covariates in the model. If the covariate was signifi cant, it was kept in the model; if it was not signifi cant (P > 0.2), the data were analyzed without the covariate (Table 3) . Steers were randomly placed into 3 groups of 4 which were called periods for analysis (1, 2, and 3). Time refers to the 2 times during the treatment period that IVGTT and IC were conducted. The model included diet, time (T1 and T2), and the covariate as fi xed effects and period as a random effect. Repeated measures were used with animal as the subject. Differences among treatment means were determined by the lsmeans/pdiff option.
For NEFA analysis, the 2 sampling times during the treatment period were analyzed separately. The model included diet, sample time postinfusion, and a diet by time interaction. Slicing interactions using the pdiff/ slice option were used to compare NEFA values between the 2 diets at each blood sample time within the glucose tolerance test or insulin challenge from -5 to 60 min postinfusion. Average values for LCFA and FOFA were calculated using least squared means during the fi rst 60 min after infusion.
Differences were considered signifi cant at P < 0.05. A trend was defi ned as 0.05 < P < 0.10.
RESULTS

Animal Performance
Values are reported as average ± SEM. The BW for steers at the beginning of the trial was 336.3 ± 7.7 kg. Average daily BW gain and feed intake were calculated over the 48-d treatment period. The steers gained BW at a similar rate (P = 0.10) with steers fed LCFA gaining 1.3 kg/d, and steers fed FOFA gaining 1.1 kg/d (SEM 0.12). Daily intake of orchardgrass hay and concentrate on an as-fed basis for steers fed LCFA was 9.1 kg, and for steers fed FOFA was 8.6 kg (SEM 0.21; P = 0.11). The resulting feed effi ciency for steers fed LCFA was 0.140, and for steers fed FOFA was 0.127 (SEM 0.014; P = 0.17).
Response to IVGTT
Preinfusion glucose concentrations and glucose fractional clearance were not affected by the added dietary fatty acids or time of feeding treatment diets (Table 4) . Peak glucose tended to be greater (P = 0.06) at T2 than T1. There was a diet by time interaction (P = 0.01) for glucose AUC (Table 4 , Fig. 1 and 2 ). The AUC 50 (mM glucose × 50 min) for steers fed LCFA increased from T1 to T2, whereas the AUC for steers fed FOFA remained the same. The AUC 50 at T1 was less (P = 0.02) for LCFA (126.2) than FOFA (151.8), and the AUC 50 at T2 tended to be greater (P = 0.07) for LCFA (165.9) than FOFA (146.0).
Preinfusion insulin concentration was greater (P < 0.01) for steers fed LCFA than steers fed FOFA (Table 4) .
Peak insulin concentration was not affected by diet or time. Insulin AUC 60 (μIU insulin/mL × 60 min) was greater (P = 0.05) at T2 than T1 (Table 4 , Fig. 1 and 2) .
The preinfusion NEFA concentration (-5 min) at T1, for steers fed LCFA and FOFA, was 130.4 μM and 137.6 μM, respectively. At T1, steers fed LCFA and FOFA had similar plasma NEFA concentrations throughout the IVGTT, except for 15 and 20 min after infusion, with steers fed FOFA tending toward greater NEFA concentrations (P = 0.06). Across treatments at T1, plasma NEFA concentrations at 5, 10, and 15 min after glucose infusion were greater (P < 0.001) than the preinfusion NEFA concentration. At 40 and 50 min postinfusion, plasma NEFA concentrations were less (P < 0.001) than the preinfusion NEFA concentration (Fig. 3) .
The preinfusion NEFA concentration at T2, for steers fed LCFA and FOFA was 127.8 μM and 176.6 μM, respectively. At T2, steers fed FOFA had greater (P < 0.05) plasma NEFA concentrations than steers fed LCFA from 0 to 40 min after infusion (Fig. 3) . Across treatments at T2, plasma NEFA concentrations at 5, 10, 15, 50, and 60 min postinfusion were greater (P = 0.02) than preinfusion NEFA concentrations. At T2, there was a diet by time interaction (P = 0.02). Steers fed FOFA had greater plasma NEFA concentrations that did not parallel those of steers fed LCFA (Fig. 3 ).
Response to IC
Preinfusion glucose concentrations were not affected by added dietary fatty acids (Table 5 ). The minimum glucose concentration after insulin infusion was less (P = 0.02) for steers fed FOFA than for steers fed LCFA. The AUC 150 (mM glucose × 150 min) depicted that postinfusion glucose concentrations stayed at reduced concentrations (P < 0.01) after insulin infusion for steers fed FOFA than for steers fed LCFA (Table 5 , Fig. 4 and 5) . Glucose fractional clearance (fraction/min) was not affected by diet (P = 0.87) or time (P = 0.74).
Preinfusion insulin concentrations were greater (P = 0.01) for steers fed LCFA than for steers fed FOFA. The AUC 60 (μIU/mL insulin × 60 min) and fractional clearance of insulin (fraction/min) indicated that steers fed FOFA maintained greater (P = 0.01) plasma concentrations of insulin during the IC than steers fed LCFA. Peak insulin concentration and AUC 60 tended (P < 0.06) to be greater for T1 than T2 (Table 5 , Fig. 4 and 5) .
The preinfusion NEFA concentration (-5 min) at T1 for steers fed LCFA and FOFA was 118.1 μM and 151.8 μM, respectively. At T1, steers fed LCFA and FOFA had similar plasma NEFA concentrations throughout the IC, except at 10 min when steers fed FOFA had greater (P = 0.04) NEFA concentrations than steers fed LCFA. Across treatments at T1, plasma NEFA concen- Preinfusion, uM 80.1 2.38 < 0.01 1 Means and SEM for n = 12. All steers were fed the basal diet during these measurements.
2 IVGTT 0.9 g glucose/kg BW 0.75 . 3 Data are from samples taken from -30 to 50 min relative to glucose infusion. Preinfusion = average concentration at 30, 15, and 5 min before glucose infusion. Peak and clearance estimated from the function A = A 0 e (−kt) , where A is the estimated concentration at any time (t), A 0 is the concentration at time 0 (Peak), and k is the fractional clearance. T 1/2 is the time to reach half concentration; AUC 50 = area under the response curve during the fi rst 50 min after glucose infusion. 4 Data are from samples taken -5 to 60 min relative to glucose infusion. Preinfusion insulin is the -5 min sample; Peak = observed peak value; AUC 60 = area under the response curve during the fi rst 60 min after glucose infusion.
5 Preinfusion NEFA = the average concentration at 30, 15, and 5 min before glucose infusion.
6 IC 0.45 IU/kg BW 0.75 . 7 Data are from samples taken from -30 to 150 min relative to insulin infusion. Preinfusion = average concentration at 30, 15, and 5 min before insulin infusion. Minimum is the observed minimum; clearance was calculated from 5 to 20 min postinfusion; T 1/2 is the time to reach half concentration; AUC 150 = area under the response curve during the fi rst 150 min after insulin infusion.
8 Data are taken from samples -5 to 60 min postinfusion. Preinfusion insulin is the -5 min sample. Peak (A 0 ) and clearance (k) were estimated by the function A = A 0 e (−kt) , where A is the estimated concentration at any time (t), A 0 is the concentration at time 0 (Peak), and k is the fractional clearance. Clearance was calculated from 2.5 to 10 min postinfusion. AUC 60 = area under the response curve during the fi rst 60 min after insulin infusion.
9 Preinfusion NEFA = the average concentration at 30, 15, and 5 min before insulin infusion.
trations at 5, 10, and 15 min after insulin infusion were greater (P = 0.02) than preinfusion plasma NEFA concentrations (Fig. 6) .
The preinfusion NEFA concentration at T2 for steers fed LCFA and FOFA was 125.3 μM and 151.2 μM, respectively. At T2, steers fed FOFA tended to have greater (P = 0.06) plasma NEFA concentrations than steers fed LCFA from 5 to 20 min and at 50 min postinfusion. Across treatments at T2, plasma NEFA concentrations at 2.5, 5, 10, 15, 50, and 60 min postinfusion were greater (P = 0.02) than preinfusion NEFA concentrations (Fig. 6 ).
DISCUSSION
The primary objective of the study was to determine whether feeding supplements containing Ca salts of fatty acids that differed in degree of unsaturation affected whole body insulin sensitivity or response based on data obtained from IVGTT and IC in growing steers. One supplement was composed of more SFA with a greater percentage of C16:0 and C18:1 and without EPA and DHA (LCFA). The second supplement was composed of mostly unsaturated fatty acids with added EPA and DHA (FOFA). A second objective was to determine whether responses to the dietary treatments differed due to length of time the diets were fed. There was a tendency toward decreased intake in steers feed the FOFA supplement. Although the reason for this is not clear, it would contribute to similar feed effi ciency for steers fed the 2 diets despite increased insulin sensitivity in steers fed the FOFA diet.
Dietary Fatty Acids and Insulin Sensitivity
Viewing the average values for all steers during feeding of the basal diet, before addition of the fat supplements, there is no evidence that the fat supplements decreased insulin sensitivity in general. The response to fat supplementation was specifi c to the fatty acid profi le of the supplement. The steers fed LCFA had greater preinfusion insulin concentration than steers fed FOFA, whereas the preinfusion glucose concentration was similar for steers fed the 2 supplements. The steers fed FOFA were able to maintain the same glucose concentration as the steers fed LCFA with less insulin. Decreased preinfusion insulin concentration with FOFA compared with LCFA indicates decreased insulin secretion, increased insulin clearance, or both when steers were fed FOFA. During IC, clearance of insulin decreased with FOFA; therefore, both decreased concentration and clearance suggest decreased insulin secretion as well. In contrast, steers fed LCFA had greater preinfusion insulin concentrations and greater clearance of insulin suggesting greater insulin secretion than steers fed FOFA. These results are consistent with other studies in cattle. Steers receiving an abomasal infusion of n-3 fatty acids from fi sh oil had a reduced concentration of insulin compared with steers receiving an infusion of more SFA in the form of an olive oil blend (Gingras et al., 2007) . After IC, insulin clearance decreased in late-pregnant Ayrshire cows receiving abomasal infusions of camelina oil, rich in C18:3 n-3, compared with tallow infusions (Salin et al., 2012) . In studies with humans fed several fat supplements for 24 h (Xiao et al., 2006) , consuming a (−kt) , where A is the estimated concentration at any time (t), A 0 is the concentration at time 0 (Peak), and k is the fractional clearance. T 1/2 is the time to reach half concentration; AUC 50 = area under the response curve during the fi rst 50 min after glucose infusion.
6 Data are from samples taken -5 to 60 min relative to glucose infusion. Preinfusion insulin is the -5 min sample; Peak = observed peak value; AUC 60 = area under the response curve during the fi rst 60 min after glucose infusion.
saffl ower oil supplement, enriched in PUFA, resulted in decreased insulin clearance and also decreased glucose stimulated insulin secretion compared with consumption of palm oil, a more saturated oil, suggesting impairment of β-cell function with PUFA. Xiao et al. (2006) suggested decreased clearance may compensate for decreased insulin secretion in response to feeding PUFA. Also, greater insulin secretion with more SFA may compensate for decreased insulin sensitivity and maintain the ability to dispose of glucose.
In conjunction with decreased clearance of insulin in the current study, insulin AUC during an IC was greater for steers fed FOFA than LCFA indicating insulin was present in the plasma for a longer period of time. This could result in more effi cient glucose uptake and use by cells despite decreased insulin secretion. Glucose clearance was similar for FOFA and LCFA after IC. In other studies with cattle, abomasal infusion of camelina oil (Salin et al., 2012) or linseed oil (Pires et al., 2008) resulted in decreased insulin response to glucose with no effect on glucose clearance compared with tallow infusion supporting greater insulin sensitivity.
Glucose concentration depends on several factors including uptake by peripheral tissues and production via gluconeogenesis. Decreased concentration of plasma glucose after an infusion of insulin, observed in steers fed FOFA, indicates a greater insulin dependent glucose uptake, decreased production of glucose, or both which are indicative of increased insulin responsiveness. Steers fed FOFA maintained decreased concentrations of glucose in response to insulin infusion throughout the IC resulting in greater AUC, indicating greater insulin action. The liver shows greater sensitivity to insulin than peripheral tissues in growing cattle (Eisemann et al., 1997) and therefore decreased glucose production may be a greater portion of the response than increased uptake by body tissues. Abomasal infusion of oil increased NEFA concentration and decreased hepatic glucose output compared with water infusion in lactating cows (Benson et al., 2002) . Docosahexaenoic acid added to hepatocyte cultures decreased uptake of propionate and . Treatment diets were LCFA, a diet with a fat supplement added at 4% DM composed of more SFA with a greater percentage of C16:0 and C18:1 without eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), and FOFA, a diet with a fat supplement added at 4% DM composed of mostly unsaturated fatty acids with added EPA and DHA. An infusion of glucose (0.9 g glucose/kg BW 0.75 ) was given to each steer. Samples were taken at -30, -15, -5, 2.5, 5, 10, 15, 20, 30, 40, 50, 60, 75, 90, and up to 120, 150, 180 . Treatment diets were LCFA, a diet with a fat supplement added at 4% DM composed of more SFA with a greater percentage of C16:0 and C18:1 without eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), and FOFA, a diet with a fat supplement added at 4% DM composed of mostly unsaturated fatty acids with added EPA and DHA. An infusion of glucose (0.9 g glucose/kg BW 0.75 ) was given to each steer. Samples were taken at -30, -15, -5, 2.5, 5, 10, 15, 20, 30, 40, 50, 60, 75, 90, and up to 120, 150, 180 , and 240 min postinfusion. Glucose, Time 0, is the mean of -30, -15, and -5 min concentrations. Insulin, Time 0, is the -5 min concentration. Values are means and SEM for n = 6. conversion of propionate to glucose relative to addition of more SFA (Mashek and Grummer, 2003) . The hepatic response to fatty acid infusion and in vitro effect of DHA are consistent with decreased glucose production.
One of the hypothesized mechanisms of increasing insulin sensitivity in steers fed n-3 PUFA is n-3 fatty acid incorporation into membrane phospholipids. Dietary n-3 PUFA mediated the action of insulin in muscle of rats by increasing the number of insulin receptors (Liu et al., 1994) . Insulin resistance in ruminants was partly attributed to mechanisms involving decreased activity of glucose transport proteins that fuse with the muscle cell plasma membrane to increase glucose transport in response to insulin (Duhlmeier et al., 2005) . By affecting the physical property of muscle membranes, n-3 fatty acids may enhance the recruitment of GLUT4 transporters from intracellular sites to the surface of skeletal muscle membranes for insulin-dependent glucose uptake. The amount of GLUT4 transport proteins decreased in bovine tissue during the 12 mo postnatal period, contributing to a decrease in insulin sensitivity in aging cattle (Abe et al., 2001 ). Although we did not measure these variables, we did see an increase in insulin sensitivity in steers receiving FOFA by measuring insulin and glucose concentrations in response to a glucose tolerance test and insulin challenge. Increased insulin receptor numbers and activation of GLUT4 transport proteins induced by a change in skeletal muscle sarcolemma fatty acid composition could be a component of the response.
It is unknown why the steers fed FOFA had an overall greater plasma concentration of NEFA before and during IVGTT and IC than steers fed LCFA. Increased concentration suggests decreased uptake by tissues or increased release through lipolysis. Although increased NEFA concentration was associated previously with insulin resistance (Pires et al., 2007a,b) , the profi le of fatty acids was an important component of the overall effect (Xiao et al., 2006) . Similar to the current experiment, in a previous study with Holstein cows, abomasal infusion of linseed oil resulted in greater NEFA concentrations and insulin sensitivity than abomasal infusion of tallow (Pires et al., 2008) . These studies support the role of individual fatty acids in determining the insulin response and in particular, the signifi cant role of n-3 PUFA. There are situations in which insulin resistance plays an important role in metabolic adaptation. Insulin resistance around parturition is associated with increased NEFA concentration and functions to prioritize use of glucose for critical functions and promote gluconeogenesis (Bell and Bauman, 1997) . Insulin resistance occurs also during feed restriction and is associated with increased NEFA which provide an energy source for body tissues. The insulin resistance during feed restriction allows for mobilization of nutrients, enhanced gluconeogenesis, and prioritizes glucose use for critical functions. In both of these situations in which concentrations of NEFA are elevated, the concentration of n-3 PUFA is low.
The increase in NEFA, after glucose or insulin infusions, was more evident at T2 than at T1. Overall, there were relatively minor changes in NEFA concentration with greater changes in steers fed FOFA. Salin et al. (2012) also observed increased NEFA concentrations immediately after either glucose or insulin infusion in late-pregnant cattle and suggested it was due to a delayed antilipolytic response to insulin. These data in fed ruminants differ from the rapid decrease in NEFA in response to glucose or insulin infusion in fasted adult cattle (Pires et al., 2008) . The concentration of NEFA is greater during fasting than in the fed state. It is likely that the major effect of either glucose or insulin infusion in the fasted ruminant is to decrease lipolysis (Yang (IVGTT) . Sampling at T1 was the fi rst sampling during the treatment period on d 4, and T2 was second sampling done during the treatment period on d 39. Treatment diets were LCFA, a diet with a fat supplement added at 4% DM composed of more SFA with a greater percentage of C16:0 and C18:1 without eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), and FOFA, a diet with a fat supplement added at 4% DM composed of mostly unsaturated fatty acids with added EPA and DHA. An infusion of glucose (0.9 g glucose/kg BW 0.75 ) was given to each steer. Samples were taken at -5, 2. 5, 5, 10, 15, 20, 30, 40, 50 , and 60 min postinfusion. Time 0 is the -5 min concentration. Time points with an asterisk indicate different (P < 0.05) plasma NEFA concentrations for treatments. Values are means and SEM for n = 6. Across treatments at T1 (A), NEFA concentrations after the start of IVGTT were greater (P = 0.02) at 5, 10, and 15 min and less (P = 0.02) at 40 and 50 min than the concentration at time 0. At T2 (B), there was a time × treatment interaction (P = 0.02) with steers fed FOFA having a greater (P = 0.02) increase in NEFA concentration after the start of IVGTT relative to concentration at time 0 than steers fed LCFA. 3 T1 is fi rst sampling on d 5 during the treatment period, T2 is second sampling on d 40 during the treatment period. 4 P-values for diet, time, and the diet by time interaction. 5 Data are from samples taken from -30 to 150 min relative to insulin infusion. Preinfusion = average concentration at 30, 15, and 5 min before insulin infusion. Minimum is the observed minimum; Clearance was calculated from 5 to 20 min postinfusion; T 1/2 is the time to reach half concentration; AUC 150 = area under the response curve during the fi rst 150 min after insulin infusion.
6 Data are taken from samples -5 to 60 min postinfusion. Preinfusion insulin is the -5 min sample. Peak (A 0 ) and clearance (k) were estimated by the function A = A 0 e (-kt) , where A is the estimated concentration at any time (t), A 0 is the concentration at time 0 (Peak), and k is the fractional clearance. Clearance was calculated from 2.5 to 10 min postinfusion. AUC 60 = area under the response curve during the fi rst 60 min after insulin infusion. -30, -15, -5, 2.5, 5, 10, 15, 20, 30, 40, 50, 60, 75, 90, and up to 120, 150, 180, and 240 -30, -15, -5, 2.5, 5, 10, 15, 20, 30, 40, 50, 60, 75, 90, and up to 120, 150, 180 , and 240 min postinfusion. Glucose, Time 0, is the mean of -30, -15, and -5 min concentrations. Insulin, Time 0, is the -5 min concentration. Values are means and SEM for n = 6. and Baldwin, 1973), which results in decreased plasma NEFA concentration. Lipolysis would not be a major contributor to plasma NEFA concentration in the fed animal. We can speculate that steers consuming FOFA may have had a decrease in tissue uptake of NEFA or other changes in NEFA metabolism. The time course of the increase in NEFA, after glucose or insulin infusion, was more transient than the changes in glucose and insulin concentration. The slight increase in NEFA concentration may result from uptake of glucose by body tissues and consequent diminished uptake of NEFA.
Effect of Time on Treatment on Glucose and Insulin Kinetics
The diet by time interaction for glucose AUC during IVGTT showed increased AUC at T2 compared with T1 for LCFA but no change for FOFA which is consistent with impaired glucose tolerance with greater time of feeding the LCFA supplement. During the IVGTT, the response of insulin (insulin AUC) was greater at T2 than at T1 with no change in glucose clearance. Thus, greater insulin concentration for a longer time was required at T2 to clear the glucose from infusion. This result was expected as steers at T2 were older than at T1 and were becoming less insulin sensitive (Eisemann et al., 1997; Abe et al., 2001 ).
Conclusions
The effects of supplementing diets of growing beef steers with calcium salts of fatty acids on insulin sensitivity and response were determined in this study. Steers fed FOFA maintained reduced insulin concentrations and had decreased insulin clearance compared with steers fed LCFA. The changes suggested decreased insulin secretion in steers fed FOFA. Steers fed FOFA showed increased tissue response to insulin compared with steers fed LCFA as shown by the greater and more prolonged decrease in glucose concentration after insulin infusion. The results, in agreement with other studies conducted in humans and domestic animals, suggest there is an increase in insulin sensitivity when long-chain n-3 PUFA fatty acids are fed compared with feeding more SFA.
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